The observations also reveal that the AO dominates the seasonal oscillations in both the stratosphere and the mesosphere at middle and high latitudes, with the amplitudes increasing poleward. The SAO oscillations are weaker at all six sites. The oscillations in the upper mesosphere are usually stronger than those in the upper stratosphere with a local minimum near 50-65 km. The upper mesospheric signals are clearly out of phase with upper stratospheric signals. Some differences between lidar and SABER results were found in both the stratosphere and mesosphere. These could be due to: the difference in data sampling between ground-based and space-based instruments, the length of data set, the tidal aliasing owing to the temperature AO and SAO since lidar data are nighttime only, and lidar temperature analysis algorithms. The seasonal oscillations of tidal amplitudes derived from SABER observations suggests that the tidal aliasing of the lidar temperature AO and SAO in the upper mesosphere may over-or under-estimate the real temperature oscillations, depending on the tidal phases. In addition, the possibly unrealistic seasonal oscillations embedded in the climatological models (e.g., MSIS or CIRA) at the reference point for lidar temperature analysis may also affect the lidar results in the top part of the profiles (usually in the upper mesosphere). 
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from teaching and research institutions in France or abroad, or from public or private research centers.
L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés.
Introduction
[2] The seasonal oscillations of middle atmosphere temperature, such as the annual oscillation (AO) and the semiannual oscillation (SAO), have been studied for decades using climatological data sets [Reed, 1962; Hamilton, 1982; Garcia et al., 1997; Leblanc et al., 1998a; Randel et al., 2004] . The early satellite observations showed that the SAO is the dominant seasonal variation in both wind and temperature in the tropical middle atmosphere [Delisi and Dunkerton, 1988; Garcia and Clancy, 1990] . The stratospheric SAO (SSAO) peaks near the stratopause, while the mesospheric SAO (MSAO) peaks near the mesopause, with minimum SAO amplitude near $65 km, as suggested by rocketsonde observations [Hirota, 1978] . The observations also found that the SSAO near the stratopause is almost 180 degree out of phase with MSAO near the mesopause [Hirota, 1978; Hamilton, 1982] . It is believed that the MSAO is primarily driven by gravity and Kelvin waves which are selectively filtered by the SSAO wind leading to the out-of-phase feature of the MSAO with the SSAO [Dunkerton, 1982; Sassi and Garcia, 1997; Richter and Garcia, 2006] . The AO dominates seasonal variations in the middle atmosphere at middle and high latitudes, with a weaker peak in the stratosphere and a stronger peak in the mesosphere, and the stratospheric oscillations are out of phase with those in the mesosphere [Remsberg et al., 2002; Xu et al., 2007] .
[3] Using four Rayleigh lidar data sets, Leblanc et al. [1998a] derived the AO and SAO of middle atmosphere temperature from low to middle latitudes and compared the results with the CIRA-86 model. Since most of lidar systems only operate for a number of hours in the nighttime, tidal oscillations are quite evident in the lidar data sets [Leblanc et al., 1999; Morel et al., 2002; Haefele et al., 2008] , but they could not be determined accurately with these nighttime limited data [Crary and Forbes, 1983] . The AO and SAO of tidal waves may therefore cause significant tidal aliasing to the temperature AO and SAO derived from nighttime data sets, especially in the mesosphere where the tides grow strong enough to dominate the wave oscillations [Garcia and Clancy, 1990; Keckhut et al., 1996; . Zhao et al. [2007] presented the upper mesospheric temperature AO and SAO measured by OH and O 2 all-sky imagers over Maui, Hawaii and, with the help of TIME-GCM simulation, suggested that the diurnal tide aliasing of the SAO derived from nighttime data could be as strong as $5 K near 87 km.
[4] In this paper, the long-term observations of middle atmospheric temperature by six Rayleigh lidars located from low to high latitudes within the Network for the Detection of Atmospheric Composition Change (NDACC) [Keckhut et al., 2004] were used to study the temperature AO and SAO in the middle atmosphere. Wherever available, the lidar results were also compared with those derived from coincident temperature measurements from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument onboard the Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics (TIMED) satellite. The description of instruments, data sets, and data analysis methods will be presented in section 2, followed by the vertical profiles of mean temperatures and AO and SAO observed by lidar and SABER in section 3. Section 4 will discuss the differences between the different sites and the possible aliasing of lidar seasonal oscillations owing to tidal waves and lidar temperature analysis algorithms. A conclusion will be drawn in section 5.
Instruments, Data Sets, and Data Analysis
[5] The Rayleigh lidar collects the laser photons backscattered by air molecules in the middle atmosphere. The temperature profile derived from Rayleigh lidar usually starts at $30 km where the aerosol backscattering is negligible compared to air molecule backscattering [Hauchecorne and Chanin, 1980] . Owing to both the exponential decrease of air density and 1/z 2 dependence of lidar signal with altitude z, the Rayleigh backscattering signals are also decreased, leading to larger measurement uncertainty at the higher altitudes especially in the mesosphere. To retrieve temperature, an initial value is needed at a reference point at the top of profile (usually obtained from climatological mode; e.g., MSIS or CIRA) to derive the temperature vertical profile through downward integration. The uncertainties caused by initial value can strongly affect the temperature derivation in the top 10-15 km of the profile but has negligible influence below this [Leblanc et al., 1998b] . Therefore, this large uncertainty may contaminate the derivation of the AO and SAO in the upper mesosphere.
[6] The six Rayleigh lidar temperature data sets (nighttime mean) from the NDACC lidar network were downloaded from the NDACC website at http://www.ndsc.ncep.noaa. gov/. (HOH, 47.8°N) in the middle latitudes, and Sondre Stromfjord, Greenland (SFJ, 67.0°N) at high latitude. Each lidar system is usually operated for a number of hours depending on the system and weather conditions, with more regular operation (2 h per night) at both MLO and TMF. All the lidar systems have already accumulated more than 1000 profiles, except the SFJ lidar. Using the 14-year-long MLO lidar data set (the same data set as used in this paper), Li et al. [2008a] studied the interannual variability of middle atmosphere temperature over Hawaii Island with first time observation of the strong temperature response to El Niño -Southern Oscillation in the middle mesosphere. Figure 1 shows a histogram of the number of profiles in each month for six lidar sites. It is clear that the SFJ lidar data set has a lower number of profiles than any other data sets, especially in the summer months owing to the summer polar day preventing lidar observations. To derive the AO and SAO from the lidar data sets we first regroup the temperature profiles according to their UT day regardless of the year to form a composite year of data. We then decompose this newly formed data set to its mean, plus one-year and half-year period components. The uncertainty (error bars) of AO and SAO amplitudes and phases were estimated according to the variances and covariances obtained from least squares fits. We virtually checked the fitting at several representative altitudes (not shown), and good fitting could be clearly seen. As an example, we show in Figure 2 the time series of raw temperature and their corresponding fitting at four altitudes, 20, 40, 60, and 80 km, observed by lidar at MLO. The reasonably good fitting could be clearly seen, suggesting that the AO and SAO dominate the seasonal oscillations of middle atmosphere temperature at MLO and that the residual variation is entirely on short time scales. The AO and SAO oscillations revealed by lidars could explain as large as 60-80% of total variances in the stratosphere and less than 60% in the mesosphere. This is most likely due to increased statistical uncertainty from stratosphere to mesosphere.
[7] The TIMED satellite was launched on 7 December 2001. As one of four key instruments onboard TIMED, SABER measured the temperature profile from the lower stratosphere to the lower thermosphere, daily and near globally for the first time. It also measures O 3 , H 2 O and CO 2 mixing ratio vertical profiles and key energetic parameters describing upper atmosphere heating, cooling and airglow losses [Russell et al., 1999] . Temperature is measured using three channels in the 15 and 4.3 mm CO 2 bands while the remaining seven SABER channels cover the range from 1.27 to 9.6 mm. The scientific data measured by SABER, including temperatures in the middle atmosphere, have been available since January 2002. The effective vertical resolution of SABER temperature was estimated to be $2 km in the stratosphere and mesosphere [Remsberg et al., 2003] . To study the annual and semiannual oscillations, we used the SABER temperature data set version 1.07 from January 2002 through September 2008.
[8] The TIMED satellite is nearly sun synchronous and orbits Earth $15 times a day with descending and ascending data points separated by $10 h. It takes roughly 60 days to complete a maximum of $22 h local time coverage. Since the global structure of the AO and SAO have been shown in detail by Xu et al. [2007] , in this paper we only present the results at the latitude of each lidar site for Figure 1 . Histogram of the number of profiles for each lidar data set. comparison. Prior to data analysis, we interpolated the SABER raw temperature profiles (V1.07 with non-LTE included in the upper mesosphere) by fitting on a minimum curvature surface to form a regular longitude data grid with 15°wide at the latitude of each lidar site, and then derived the ascending and descending daily zonal mean temperature by just averaging all the ascending and descending points available in this UT day, respectively. Within 60-day window, we first re-sorted the daily zonal mean temperature (including both ascending and descending daily mean) with their local time and then linear-square fitted them at each altitude with the mean and 24-, 12-, and 8-h tidal components. The obtained mean is defined here as SABER 60-day zonal mean temperature with tidal waves removed. The detailed description of this method and their corresponding equations could be found in the work of Xu et al. [2007] . To derive the AO and SAO amplitudes and phases, we finally decomposed the SABER 60-day zonal mean temperature obtained from above method at the latitude of each lidar site to a mean plus one-year and half-year period components. Since the tidal waves were removed prior to the derivation of the AO and SAO, the tidal aliasing of the temperature AO and SAO was then minimized. On the other hand, the diurnal (24 h) and semidiurnal (12 h) tides derived from the 60-day windows could also be used to assess the tidal aliasing of the temperature AO and SAO derived from the lidar data sets.
Results
[9] Figure 3 shows the amplitudes and phases of the AO (solid lines) and SAO (dotted lines) derived from lidar (blue lines) and SABER (red lines) data sets at (top) REU, (middle) MLO, and (bottom) TMF and the corresponding amplitude difference between lidar and SABER. It is clear that in the subtropical latitudes (REU and MLO), the SAO and AO observed by lidar and SABER both show small amplitudes of less than 2 K below 60 km, and around 2 -4 K above, and the amplitude difference between lidar and SABER is less than 2 K at most of altitudes for both AO and SAO. The phases of the AO and SAO observed by both lidar and SABER show downward progression. The MSAO near 80 km is roughly out of phase with the SSAO near 50 km, consistent with the SAO feature in the tropics revealed early by satellite observations [Delisi and Dunkerton, 1988] [McDermid et al., 1995] . As a result, the lidar signal-to-noise ratio at MLO is much higher than that at REU. Furthermore, at MLO the lidar observed SAO phases between 50 and 60 km are leading SABER phases by 1 -3 months, corresponding to the smaller SAO amplitude of $0.5 K. We also noted that the REU and MLO are near the nodal point of diurnal tide [Forbes, 1995] , so the aliasing from diurnal tide should be small. And also the temperature data below 30 km at MLO were retrieved from Raman channel.
[10] At TMF (Figure 3, bottom) , the SAO observed by both lidar and SABER shows much smaller amplitude of less than 0.5 K in the stratosphere, and relatively stronger amplitude of 2 -4 K in mesosphere with two peaks of $4 K near 60 and 75 km, respectively. The SAO phase plot indicates that the two peaks in the mesosphere are out of phase. Compared to the SAO, the observed AO is much stronger in both the stratosphere and the mesosphere, with one maximum in the middle stratosphere and the other in the upper mesosphere. The minimum amplitude of the AO near 60-65 km observed by lidar is $3 km lower than that On the other hand, the AO and mesospheric SAO at TMF are stronger than those at the two subtropical lidar sites (REU and MLO). The AO is clearly stronger than the SAO at TMF, while two oscillations are comparable at REU and MLO.
[11] Similar to Figure 3 , Figure 4 shows the amplitudes and phases of the AO and SAO derived from lidar and SABER data sets at two midlatitude (OHP and HOH) and one high-latitude (SFJ) sites. At OHP, the SAO observed by lidar with two out-of-phase peaks near 40 and 65 km is $2 K larger than that observed by SABER, while the lidar observed AO is about 2 -4 K weaker than that observed by SABER in both the stratosphere and mesosphere. The stronger SAO derived from lidar data set could be due to aliasing from diurnal tide, because the subpeak of diurnal tide in temperature is at midlatitudes [Forbes, 1995] . This is also true for the AO and SAO observed at HOH, though the HOH lidar results only reach $65 km. The AOs at OHP and HOH are clearly stronger than those at lower latitudes. Since the analysis of SABER was limited between À55°to 55°latitudes without data gaps owing to satellite yaw orbits, we present only the lidar observed AO and SAO at SFJ (67°N). In the stratosphere, the SAO at SFJ with amplitudes of 5 -7 K was still one third as strong as the AO with amplitude of 15-20 K, with both oscillations stronger than those at midlatitude. Finally, it is also clearly presented in Figures 3 and 4 that the AO is the dominant seasonal oscillation in the middle atmosphere temperature in the both middle and high latitudes, consistent with the satellite observations [Xu et al., 2007] .
[12] Figure 5 shows the mean temperature profiles derived from long-term lidar and SABER data sets illustrating generally good agreement. However, a clear difference was found in the stratosphere with warmer lidar temperatures near stratopause and colder below 40 km. The difference of mean temperature between lidar and SABER in the stratosphere may possibly due to either a bias in SABER temperature, or tidal aliasing and/or the presence of sporadic aerosols leading to introduce a cold bias in lidar temperature. It is also worthwhile to mention that at MLO the lidar observed temperatures are clearly $2 -5 K colder than SABER temperature between 40 and 15 km. This could also be partly caused by diurnal tidal aliasing: the phase of diurnal temperature near 30 km at 20 N is in early afternoon (not shown). As a result, the nocturnal lidar measurements will sample the cold phase of the diurnal tide at MLO and thus have a cold bias in lidar temperature. Both lidar and SABER observations revealed the stratopause is located at $46-48 km in the low and middle latitudes and $51 km at high latitude, consistent with increased stratopause altitudes from low to high latitudes from model simulations [Baldwin et al., 2001] .
Discussion
[13] The lidar and SABER results for the temperature AO and SAO generally show good agreements but with some differences found in both the stratosphere and mesosphere. We note that the vertical resolution of lidar temperature was variable with less than 1 km in the stratosphere and increased to 5 -10 km in the upper mesosphere in order to increase the signal-to-noise ratio [Keckhut et al., 2004] ; while the effective vertical resolution of SABER temperature was $2 km [Remsberg et al., 2003] in the stratosphere and mesosphere. The different resolutions between lidar and SABER temperature profiles may partially cause the difference of derived seasonal oscillations. However, the difference in the upper mesosphere could be due to the tidal aliasing of the AO and SAO caused by nighttime only lidar data, which was addressed in the early literature Zhao et al., 2007] , and due to the difference in sampling data between ground-based and space-based instruments [Li et al., 2008b] , as well as the length of data set and larger uncertainties at higher altitudes. The SABER results were derived from zonal mean temperature with prior removal of tides. As a result, the tidal aliasing or contamination of SABER temperature AO and SAO was believed to be minimized [Xu et al., 2007] . Using the migrating tidal results extracted from the SABER data within 60-day windows, we are able to assess the tidal aliasing to lidar temperature AO and SAO by evaluating the seasonal oscillations of tides.
[14] Figure 6 shows the AO (blue lines) and SAO (red lines) amplitudes and phases of migrating diurnal (solid lines) and semidiurnal (dotted lines) amplitudes derived from SABER at (top) MLO, (middle) TMF, and (bottom) OHP. The AO and SAO of both diurnal and semidiurnal amplitudes at MLO are around or less than 1 K, with a local maximum of $1.2 K near 50 and 65 km. The AO phase of diurnal amplitude at 65 km is generally in phase with temperature AO (see MLO phase in Figure 3 , middle). The small diurnal and semidiurnal amplitudes at MLO lead to less difference between lidar and SABER observed temperature AO and SAO (see MLO amplitude in Figure  3 , middle). As a result, the tidal aliasing could be negligible. The small tidal amplitudes at MLO (near 20°N latitude) we derived are consistent with the classic GSWM model [Hagan and Forbes, 2002] and other derivation methods for SABER observations [Zhang et al., 2006] .
[15] The diurnal amplitude of the AO at TMF (near 34N latitude), however; increases to $2.3 K near 75 km, twice as large as that at MLO, consistent with the distribution of the Hough function at midlatitudes [Forbes, 1995] . This maximum AO amplitude of diurnal oscillation corresponds to the large temperature AO difference between lidar and SABER, and also in phase with temperature AO, suggesting diurnal perturbation aliasing to the lidar results. Since the TMF lidar usually operates for 2 h starting at $1900 - results. Therefore, the AO oscillation induced solely by the migrating diurnal tide could reach as high as $2 K near 75 km, which should be able to reduce the difference between lidar and SABER derived temperature AO amplitudes. This is similar to the tidal aliasing discussed by Zhao et al. [2007] in the mesopause region temperature seasonal oscillations revealed by nighttime temperature mapper measurements over Maui, HI.
[16] Similar to TMF, the tidal amplitudes at the midlatitude site OHP show stronger seasonal oscillations than those at MLO. While different from TMF, the semidiurnal AO amplitude is slightly greater than the diurnal AO amplitude for most altitudes above 40 km. Two local maxima were found to be $2.3 and $1.5 K near 68 and 38 km, respectively. The most significant difference between lidar and SABER results is located in the upper stratosphere and upper mesosphere. Above 70 km, the diurnal phases between 2002 and 2008 are generally variable from 1300 to 1800 LT with seasons, while the semidiurnal phases are variable from 0300 to 0700 LT (not shown). Since the OHP lidar system was usually operated for more than 4 h, sometimes overnight, the semidiurnal aliasing to seasonal oscillation derived from these data is reduced. However, this is not case for the diurnal tide aliasing to the lidar temperature season oscillations. According to the SABER derived diurnal phase, the perturbation above 70 km induced by diurnal tide at midnight is negative. The temperature AO (peak in January) revealed in Figure 4 (top) approximately lag behind the diurnal amplitude AO (peak in December) by 1-2 months, while the temperature SAO is almost out of phase with diurnal amplitude SAO, leading to the underestimation of lidar temperature AO and over-estimation of lidar temperature SAO.
[17] As pointed out previously, the lidar temperature profiles were retrieved by setting up the initial values at a reference point near the top of the profile (usually obtained from climatological model e.g., MSIS or CIRA) and then performing downward integration [Hauchecorne and Chanin, 1980] . Leblanc et al. [1998b] found that an initial reference temperature 15 K warmer at 90 km than the true value could induce $5 K warmer at 80 km, only due to the lidar temperature analysis algorithms. As a result, possible unrealistic seasonal oscillations embedded in the climatological model at the reference point may affect the apparent lidar temperature seasonal oscillations, at least, on the top part of the profiles. Depending on the signal-to-noise ratio of lidar return signals, the reference points for OHP, TMF, and MLO were usually located between 80 and 95 km.
[18] To explore the possible aliasing induced by an unrealistic initial value at the reference altitude, in Figure 7 we plotted the temperature AO (blue lines) and SAO (red lines) derived from SABER (dotted lines) and MSIS-90 model (solid lines) between 80 and 90 km. The MSIS AO and SAO amplitudes at all three sites are clearly stronger than those derived from SABER measurements, except for SAO at MLO, while the MSIS phases generally agree very well with SABER phases, except for MLO. At TMF, the MSIS AO oscillation is around 4 K stronger than SABER AO, leading to the over-estimation of lidar AO in the region below 80 km. The SABER observations show quite smaller SAO with the phase shifted by 180°near 82 km at both TMF and OHP, while MSIS presents a stronger SAO oscillation without phase shift. This may cause bias to lidar derived temperature SAO above 70 km. As noted in Figures 3 and 4 , we indeed see the lidar temperature SAO at TMF and OHP are clearly stronger than those derived from SABER zonal mean temperature. However, at OHP the MSIS temperature AO is fairly close to the SABER temperature AO below 84 km, indicating that the difference between lidar AO and SABER AO may not be caused by lidar temperature analysis algorithms, may be caused by other reasons, e.g., the length of the data set and different sampling methods.
Summary
[19] Using the long-term temperature data sets observed by six Rayleigh lidars (REU, MLO, TMF, OHP, HOH, and SFJ) from low (20°S, 20°N) to middle (34°N, 44°N, and 47°N) and high (67°N) latitudes within the NDACC network, we derived the temperature AO and SAO oscillations in the stratosphere and mesosphere. The lidar results were also compared with those derived from the SABER zonal mean temperatures (2002 -2008) . We found that the AO oscillations dominate the seasonal oscillations in both stratosphere and mesosphere at middle and high latitudes with the amplitudes increasing poleward, while the SAO oscillations are weaker at all six sites. The oscillations in the upper mesosphere are usually stronger than those in the upper stratosphere with a local minimum near 50 -65 km. The upper mesospheric signals are clearly out of phase with upper stratospheric signals. All these features of seasonal oscillations are consistent with early observations and model simulations.
[20] Although good agreement was found between the lidar and SABER results, there are some differences in both upper stratosphere and upper mesosphere. These differences could be due to the tidal aliasing of the temperature AO and SAO derived from nighttime only lidar data, lidar temperature analysis algorithms, and the difference in sampling data between ground-based and space-based instruments, and the length of data set, as well as the larger uncertainties at the higher altitudes.
[21] Using the migrating tidal results extracted from the SABER analysis, we assess the tidal aliasing to lidar temperature AO and SAO by evaluating the seasonal oscillations of tides. The seasonal oscillations of tidal amplitudes are revealed to be generally less than 2 K below 80 km. However, at TMF (34°N) the AO oscillation of diurnal amplitude is increased to $2.3 K near 75 km, corresponding to the large temperature AO difference between lidar and SABER, and also in phase with temperature AO. This positive correlation suggests the possible diurnal aliasing to the lidar results. The further analysis on the diurnal phase and lidar sampling local time indicates that the AO oscillation induced solely by migrating diurnal tide could reach as high as $2 K near 75 km at TMF. This should be able to reduce the difference between lidar and SABER derived temperature AO amplitudes. Similar statements could be applied to OHP site as well. At other sites, the tidal amplitude oscillations are quite small. In addition to the tidal aliasing, the possibly unrealistic seasonal oscillations embedded in the climatological models at reference point for lidar temperature analysis may also affect the lidar results on the top part of the profiles. The larger seasonal oscillations of the MSIS-90 model compared to SABER results suggest that these unrealistic oscillations may cause extra aliasing to the lidar derived temperature SAO below 80 km.
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